To characterize the sodium transport defect responsible for salt wasting in obstructive nephropathy, the major sodium transporters in the medullary thick ascending limb (mTAL), the apical Na-K-2CI cotransporter and the basolateral Na-KATPase, were studied in fresh suspensions of mTAL cells and outer medulla plasma membranes prepared from obstructed and untreated kidneys. Oxygen consumption (Qo2) studies in intact cells revealed marked reductions in the inhibitory effects of both furosemide and ouabain on Qo2 in cells from obstructed, as compared with control animals, indicating a reduction in activities of both the Na-K-2CI cotransporter and the Na-K-ATPase. Saturable [3Hlbumetanide binding was reduced in membranes isolated from obstructed kidneys, but the Kd for 13H Ibumetanide was unchanged, indicating a decrease in the number of functional luminal Na-K-2CI cotransporters in obstructed mTAL. Ouabain sensitive Na-K-ATPase activity in plasma membranes was also reduced, and immunoblots using specific monoclonal antibodies directed against the a and ,B subunits of rabbit Na-K-ATPase showed decreased amounts of both subunits in outer medullas of obstructed kidney. A significant decrease in I3HIbumetanide binding was detected after 4 h of ureteral obstruction, whereas Na-K-ATPase activity at this time was still not different from control. We conclude that ureteral obstruction reduces the amounts of both luminal Na-K-2CI cotransporter and basolateral Na-K-ATPase in mTAL of obstructed kidney and that these reductions contribute to the salt wasting observed after release of obstruction. (J. Clin. Invest. 1993. 91:21-28).
Introduction
In both human and animal studies, obstructive nephropathy causes reduced glomerular filtration rate, impairment of tubular reabsorption of sodium and potassium, and reductions in Receivedfor publication 29 May 1992 and in revisedform 22 July 1992. the ability to secrete acid and concentrate the urine ( 1, 2) . Because these defects are fully expressed after 24 h of ureteral obstruction in experimental animals such as rabbits, this convenient model has been used to characterize the renal impairment of obstructive nephropathy ( 1, 2) . The postobstructive diuresis and salt wasting observed upon release of obstruction may result from the accumulation ofvolume and osmotic substances during the obstruction (3), which stimulate the secretion of hormones such as atrial natriuretic peptide (4) , and prostaglandin E2 (5) , with inhibitory effects on tubular sodium reabsorption (6, 7) . However, measurements in isolated perfused tubules from obstructed kidneys have demonstrated intrinsic defects in tubular sodium reabsorption, which likely contribute to salt wasting (8) (9) (10) .
Previous micropuncture and microperfusion studies have shown that the tubular reabsorption of sodium in the medullary thick ascending limb of the loop of Henle (mTAL)' is impaired in obstructive nephropathy (8, 9) . Although defects in transport have been localized to mTAL (8) , there is little information as to the mechanisms underlying these derangements in tubular function. These transport defects may be due to reduced numbers or function oftransporters, failure of cells to maintain polarity of transporter location, or inability of the cells to provide adequate energy for energy-requiring steps of active transport. Electron microscopic studies reveal little or no change in mTAL ultrastructure in obstructed ( 11) , as compared to control kidneys. Therefore, the transport defects in obstructive nephropathy are likely to be selective, and are not associated with global changes in cellular architecture. Because the mTAL not only reabsorbs a significant portion of filtered sodium but also contributes to the urine concentrating mechanism ( 12) , alterations in the function of this segment likely play a significant role in postobstructive sodium and water wasting.
The present studies examined the activities and numbers of the two major mTAL sodium transport proteins, the apical Na-K-2C1 cotransporter and the basolateral Na-K-ATPase, in obstructed and control rabbit kidneys. The results show a downregulation of both transporters, and suggest that initial downregulation of the apical cotransporter may lead to reduced expression of the basolateral Na-K-ATPase.
abdominal incision the ureters were identified and ligated with 2-0 silk just above the ureterovesical junction, and then the peritoneum and the skin were sutured. Sham operated animals underwent an identical procedure except that the ureters were not handled or ligated. Because preliminary studies showed there was no difference between sham operated and unoperated animals, unoperated normal animals were used as controls. Each animal was allowed ad libitum access to fluids and food for the following 24 h and was then euthanized.
Preparation ofmTAL cells. Cells were isolated from the mTAL of the loop of Henle as described ( 13 ) . As previously reported ( 14) , anesthetized rabbits were decapitated and exsanguinated, and the kidneys removed and perfused via the renal artery with an ice-cold solution consisting of nonbicarbonate Ringer (containing [in mM]: 130 NaCl, 5 KCI, I NaHPO4, I CaCI2, I MgSO4, 10 Hepes-Tris, pH 7.4) diluted 1: I with Joklik's minimum essential medium (MEM) containing 10% fetal bovine serum (FBS) and 0.2% collagenase until the effluent was clear of blood. The outer medullas were excised, minced, and incubated for 1 h at 37°C in continuously oxygenated MEM + FBS containing 0.2% collagenase in a shaking water bath. Two or three times during this incubation the tissues were aspirated through a wide-bore pipette to disrupt cell aggregates. Tubules were harvested by centrifugation at 50 g for 5 min and washed in MEM + FBS, then incubated in oxygenated MEM + FBS containing 0.25% trypsin at 25°C for 20 min with gentle mechanical agitation. At the end of the trypsin digest the tubules were sedimented by centrifugation at 750 g for 25 s. Isolated cells remained in the supernatant. The cells were harvested by centrifugation at 300 g for 5 min, resuspended in MEM, and kept on ice until three additional trypsin digests of the tubules were completed. After a final wash with MEM + FBS, the cells were filtered through a nylon mesh and layered over previously prepared Ficoll gradients. Ficoll was dissolved in nonbicarbonate Ringer, pH 7.4, equilibrated with 100% 02. Gradients were constructed linearly from a concentration of 5% (wt/vol) to 43% (wt/vol) Ficoll. After layering the cells, the gradients were centrifuged at 1,900 g for 45 min. The gradients were then removed in 4-ml fractions. mTAL cells were found in fractions 9-12 at the lower, more dense end of the gradients. These fractions were removed and washed in nonbicarbonate Ringer, then centrifuged at 1,400 g for 15 min. The cells were resuspended in the buffer and kept on ice until use for oxygen consumption experiments. Cells were used within 2 h of the completion of the preparative procedure. Phase-contrast microscopy and trypan blue exclusion were performed routinely to ascertain the identity and viability of cells; viability was > 90% and was similar for suspensions prepared from control and obstructed kidneys.
Preparation ofplasma membranes. Excised outer medullae were immediately added to ice-cold sucrose-histidine buffer (containing [in mM] 25 sucrose, 30 histidine, 1 EDTA, pH 7.2, with the following added protease inhibitors: 300 MM phenylmethylsulfonyl fluoride, 1.5 MM pepstatin, and 1.5 MiM leupeptin). After mincing, tissue was added to a glass homogenization vessel containing fresh sucrose-histidine and was homogenized using a tight-fitting Teflon pestle keeping the glass vessel immersed in ice. The homogenate was centrifuged successively at 1,000 g and 7,000 g for 15 min, both at 0°C. The pellets were discarded, and the 7,000-g supernatant was centrifuged for 45 min at 47,000 g and 0°C to yield a crude plasma membrane pellet ( 15, 16) . This pellet was resuspended in 1 ml of fresh, ice-cold sucrose-histidine.
Aliquots were stored at -70°C until used in experiments for [3H]-bumetanide binding, Na-K-ATPase activity, and for immunoblots of Na-K-ATPase. Protein contents were determined by bicinchoninic acid (BCA) assay (Pierce Chemical Co., Rockford, Ill.)
Measurement ofoxygen consumption (Q02). Q°2 was measured as described ( 17) , using miniature Clark-type polarographic electrodes in sealed, continuously stirred, water-jacketed custom-made 500-ul glass chambers at 37°C. The incubation medium was nonbicarbonate Ringer, pH 7.4, containing 5 mM glucose, 2 mM acetate, and 10 mM pyruvate. After a control period sufficient to establish a stable baseline, additions of agents were made in volumes < 1% of the volume of the chamber to eliminate potential dilution artifacts; addition of incubation buffer alone did not alter Qo2. The rate ofQ°2 was calculated from the slope of the recorded line by measuring its angle against the room air baseline and calculating its tangent. When the measurement ofQ°2 was ended, an aliquot of the cell suspension, still under constant stirring in the measuring chamber, was removed and its wet weight was determined by centrifugation in a tared microcentrifuge tube. To determine the effect of furosemide or ouabain, these agents were added and the new rate of Q02 measured. The difference between Q°2 in the presence and absence of a given agent was calculated for each preparation; these differences (e.g., the furosemide-sensitive Qo2) were averaged and are shown in Table I Measurement ofplasma membrane Na-K-ATPase activity. Ouabain-sensitive ATPase was measured using a modification of the method used by Garg et al. ( 18 ) . The method couples the conversion of ATP to ADP to the oxidation ofNADH to NAD+. The fluorescence of NADH was monitored in a Fluorimeter (excitation 345 nm, emission 450 nm, slit 2.5/7.5 nm; SLM Aminco, SLM Instruments, Inc., Urbana, IL). Frozen crude plasma membranes from outer medullas of normal and obstructed kidneys were thawed and diluted in standard assay buffer containing (in mM): 100 NaCl, 66.7 NH4C1, 50 imidazole, 0.08 EDTA, 3.7 MgCI2 (pH 7.4). The assay was performed at 37°C in incubation buffer containing (in mM): 0.027 NADH, 0.5 Na2ATP, 0.2 phosphoenol pyruvate, as well as 4.7 U/ml pyruvate kinase and 6.7 U/ ml lactate dehydrogenase. After a stable basal fluorescence level was obtained, the reaction was started by adding an aliquot ofplasma mem- branes. Rates of fluorescence decay were linear, with r value > 0.97. After an initial rate of ATP degradation was obtained, 1 mM ouabain was added, and the ouabain-insensitive activity was determined. Subtraction ofouabain-insensitive activity from total ATPase activity gave the ouabain-sensitive ATPase activity. Rates of ATPase activity were quantified by preparing standard curves in which known amounts of ADP were added to incubation mixture and the resulting decrease in NADH fluorescence recorded. In these standard curves, incremental addition of 5 nmol ADP reduced fluorescence in a stepwise manner. The decrease in fluorescence was linear down to a level < 10% of the basal value; in assays, fluorescence was never permitted to fall to < 20% of the initial value (7). Quantitation of Na-K-A TPase subunits by immunoblots. The plasma membrane preparations of outer medullas of obstructed and control kidneys were incubated with denaturing buffer (20% SDS) at a ratio of 2:1 (vol/vol). The protein contents were determined (Pierce BCA assay). 60 ,ag ofprotein from each sample were subjected to SDS-PAGE, then electrophoretically transferred to nitrocellulose membranes. These membranes were removed from the transfer apparatus and either stained with 0.1% amido black or blots were washed in 0.1% Tween-PBS, and incubated at 37°C in 3% gelatin for 1 h to block nonspecific binding. The blocked membrane was then incubated with monoclonal antibodies (19) against a or fB subunits of the Na-KATPase in 0.1% Tween-PBS for 1 h. After washing with Tween-PBS the membrane was incubated at room temperature with alkaline phosphatase conjugated secondary antibody (Promega Corp., Madison, WI) for 30 min. The membrane was washed and rinsed with alkaline phosphatase (AP) buffer containing (in mM) 100 Tris-HCl with pH 9.5, 100 NaCl, and 5 MgCl2, then reacted with NBT-BCIP (Promega Corp.) in AP buffer until satisfactory coloration. The intensity ofcolor was quantitated by transmission densitometry (20 
Results
The basal rate of Q02 in control was 1.55±0.13 ,mol/min -g wet wt (n = 6), somewhat lower than the value previously reported for rabbit mTAL cell suspensions ( 14) ; this difference is likely due to differences in chamber volume and electrodes used (M. L. Zeidel, unpublished observations). However, the rate of basal Q02 in mTAL cells from obstructed kidneys was significantly lower ( 1.00±0.14 ,umol/min -g wet wt, n = 6, P < 0.05) than that of controls, as shown in Table I . To determine whether activities of luminal Na-K-2Cl cotransporter or basolateral Na-K-ATPase were diminished in intact cells, the effects of furosemide (10-4 M), an inhibitor of the cotransporter, and ouabain (l0-' M), a Na-K-ATPase inhibitor, were studied in mTAL cells.
As shown in Table I , the reduction in Qo2 produced by furosemide in mTAL cells of obstructed kidneys was much smaller than the reduction observed in controls, suggesting a loss of Na-K-2Cl cotransporter function. Indeed, the furosemide-sensitive Qo2 in cells from obstructed kidneys was more than fivefold lower than the furosemide-sensitive Qo2 in cells from control kidneys. The inhibitory effect of ouabain on Qo2 was also strikingly reduced in mTAL cells from obstructed kidneys compared to controls, (Table I) indicating a decrease in Na-K-ATPase dependent oxygen consumption in mTAL cells ofobstructed kidneys. By contrast, the ouabain-insensitive Qo2 was not significantly reduced in obstructed kidneys, indicating that the fall in basal Q°2 was confined to the transport-dependent portion of Qo2-Because the reduced inhibitory effect offurosemide on Qo2 suggested reduced activity of the Na-K-2C1 cotransporter in intact mTAL cells of obstructed kidneys, we used [3H]-bumetanide binding to determine whether this reduced activity corresponded to diminished numbers of cotransport sites in the mTAL. Fig. 1 Fig. 1 , upper and middle panels) were performed. Plotting this data in the form of Scatchard plots (as is done for the representative control and obstructed rabbits in Fig. 1, lowerpanel) 24-h obstructed kidneys was less than half that of the controls. By contrast, Kd was similar in membranes from control and obstructed kidneys (Table II) . These results suggest a decrease in the number of Na-K-2Cl cotransporters expressed in outer medullary plasma membranes of 24-h obstructed kidneys.
The plasma membrane Na-K-ATPase activity ofouter medullary membranes was determined by the rate of ATP conversion to ADP in the absence and presence ofouabain, by linking the conversion of fluorescent NADH to nonfluorescent NAD to the appearance of ADP (Fig. 2) . The ouabain-sensitive Na-K-ATPase activity was significantly lower in outer medullary membranes of obstructed kidneys compared to controls (220.6±29.2, n = 10, vs. 370.1±33.3 nmol ATP degradation/ min/mg protein, n = 9, P < 0.005). Since the Na-K-ATPase activity from mTAL cells represents the major portion ofouter medullary Na-K-ATPase activity, the results indicate a loss of Na-K-ATPase activity in mTAL cells of 24-h obstructed kidneys.
To determine whether this loss oftotal Na-K-ATPase activity reflects a reduction in the number of pump subunits expressed in the plasma membrane, we performed immunoblots using specific antisera directed against rabbit a and # subunits.
Equal amounts of membrane protein from control (n = 4) and 24-h obstructed (n = 4) kidneys were subjected to SDS-PAGE, and they showed a similar pattern of protein bands on amido black-stained gels (Fig. 3, left panel) . However, immunoblots with antibodies against a and ,B subunits of the Na-K-ATPase stances such as atrial natriuretic peptide and renal prostaglandin E2 (4, 5) . In addition to these hormonal changes, alterations of tubular transport function in several nephron segments (8, 10, 24, 25) , including the mTAL, are also responsible for salt wasting. Thus, isolated perfused mTAL from obstructed kidneys reabsorb Cl-less effectively than tubules from control kidneys (8) . In addition, measurements of medullary tonicity have demonstrated medullary washout in obstructed kidneys, suggesting a defect in mTAL transport of solutes into the interstitium (24, 26) . Although deficient mTAL sodium transport contributes to salt wasting in obstruction, the specific mechanisms underlying this defect remain unclear. Previous studies have demonstrated a variety of alterations in outer medullary metabolic pathways, including reduced medullary oxygen consumption (27) , reduced levels ofadenine nucleotides (28) , and diminished activities of glycolytic enzymes (27) , as well as of Na-K-ATPase (27, 29, 30) , but it has been difficult to relate these alterations to specific transport defects. An attractive feature of obstructive nephropathy as a model for renal cell injury is the relatively mild ultrastructural damage observed in mTAL cells after 24 h of obstruction ( 11), a time when severe defects in tubular transport are well established. Thus, at 24 h of obstruction, transport defects can be studied in cells which have not developed the severe ultrastructural derangements observed in most models of ischemic renal damage. The present studies demonstrate that intact mTAL cells prepared from obstructed kidneys have reduced transport-dependent Qo2. By contrast, the level of transport-independent Q°2 was not different in cells from obstructed and control kidneys (Table I ). These results demonstrate that obstruction selectively reduces transport-dependent Qo2. It is clear from the studies with furosemide and ouabain that both apical Na-K2Cl cotransporter and basolateral Na-K-ATPase activities were reduced in intact cells obtained from obstructed kidneys.
At present, quantification ofcotransporter sites is best stud- lupper, n = 6; lower, n = 9), 4 h (both, n = 5), 12 h (both, n = 6) and 24 h (lupper, n = 6; lower, n = 10) obstructed kidneys. Data are expressed as mean+SE. *P < 0.05 **P < 0.005 compared to control.
In this study, the amounts of pump subunits were not decreased in obstructed kidney membranes, and the loss of pump activity was attributed to changes in the composition and fluidity of basolateral membranes brought on by obstruction. These differences in results are likely due to the use of membranes from different nephron segments. It is well known that obstruction markedly increases renal medullary PGE2 content (5) and that PGE2 stimulates natriuresis in the mTAL. Moreover, Campbell et al. (38) have recently shown that reducing PGE2 synthesis in obstructed kidneys partially restores cortical collecting duct water permeability. These results suggest that increased PGE2 generation in obstructed kidneys might participate in the apparent down-regulation of cotransporter activity which we have observed.
To explore the relationship between reduced cotransporter and pump numbers of mTAL apical and basolateral membranes, we examined the time course, during the development of obstruction, of the loss ofapical and basolateral transporters. It appears from Fig. 4 that the loss of cotransporter precedes that of pump. Several studies in both mTAL and collecting duct have demonstrated that chronic reductions in apical sodium entry can diminish basolateral Na/K-ATPase activity in the presence of aldosterone stimulation (21) (22) (23) . For example, in mTAL, Grossman and Hebert (21 ) demonstrated that mineralocorticoid-induced increases in pump activity could be prevented by chronic inhibition of the apical cotransporter using furosemide. Similarly, in collecting duct, chronic amiloride inhibition of apical sodium channels blocks mineralocorticoid stimulation of Na/ K-ATPase (22, 23) . By contrast, in the presence of normal aldosterone levels, reductions of Na+ entry did not lower Na/ K-ATPase activity below basal levels (23).
Thus, our results show that obstruction reduces the number of functional apical Na-K-2Cl cotransporters, leading to chronic decreases in sodium entrv into mTAL cells. The reduction in sodium entry caused by reduced apical Na-K-2Cl cotransporters and reduced Na+ delivery to the mTAL dunrng obstruction may contribute to reduced synthesis and deployment of Na-K-ATPase in the basolateral membrane.
The combined effect of these reductions in apical and basolateral sodium transport activities is to reduce active sodium reabsorption by the mTAL. In that active sodium transport by the mTAL is also responsible for the generation of medullary hypertonicity, these transport defects may also contribute to the inability of obstructed kidneys to concentrate urine above the tonicity of plasma.
